Abstract. Area and volume changes and the average geodetic mass balance of the non-surging outlet glaciers of the southeast Vatnajökull ice cap, Iceland, during different time periods between ∼ 1890 and 2010, are derived from a multi-temporal glacier inventory. A series of digital elevation models (DEMs) (∼ 1890, 1904, 1936, 1945, 1989, 2002, 2010) are compiled from glacial geomorphological features, historical photographs, maps, aerial images, DGPS measurements and a lidar survey. Given the mapped basal topography, we estimate volume changes since the end of the Little Ice Age (LIA) ∼ 1890. The variable volume loss of the outlets to similar climate forcing is related to their different hypsometry, basal topography, and the presence of proglacial lakes. In the post-LIA period, the glacierized area decreased by 164 km 2 (or from 1014 to 851 km 2 ) and the glaciers had lost 10-30 % of their ∼ 1890 area by 2010 (anywhere from 3 to 36 km 2 ). The glacier surface lowered by 150-270 m near the terminus and the outlet glaciers collectively lost 60 ± 8 km 3 of ice, which is equivalent to 0.15 ± 0.02 mm of sea-level rise. The volume loss of individual glaciers was in the range of 15-50 %, corresponding to a geodetic mass balance between −0.70 and −0.32 m w.e. a −1 . The annual rate of mass change during the post-LIA period was most negative in 2002-2010, on average −1.34 ± 0.12 m w.e. a −1 , which is among the most negative mass balance values recorded worldwide in the early 21st century.
Introduction
Area changes and glacier retreat rates since the Little Ice Age (LIA) maximum are known from glacierized areas worldwide (e.g. Haeberli et al., 1989; WGMS, 2008) . The majority of glaciers worldwide have been losing mass during the past century (Vaughan et al., 2013) , and a number of studies have estimated the volume loss and the mass balance for the post-LIA period by various methods (e.g. Rabatel et al., 2006; Bauder et al., 2007; Knoll et al., 2008; Lüthi et al., 2010; Glasser et al., 2011) . Knowledge of the ice volume stored in glaciers at different times is important for past, current and future estimates of sea-level rise and water resources. More than half of the land ice contribution to sea-level rise in the 20th century comes from ice caps and glaciers outside the polar areas (Church et al., 2013) . Furthermore, glacier inventories are important for analysing and assessing glacier changes at a regional scale, and they provide a basic data set for glaciological studies, for example to calibrate models simulating future glacier response to changes in climate.
Iceland is located in the northern part of the storm track in the North Atlantic Ocean, at the boundary of warm and cold ocean surface currents. The temperate maritime climate of Iceland is characterized by small seasonal variations in temperature in the lowlands; the mean temperatures are close to 0 • C in the winter and 11 • C during the summer months. The temperate glaciers and ice caps receive large amounts of snowfall, induced by the cyclonic westerlies crossing the North Atlantic, and have mass turnover rates in the range of 1.5-3.0 m w.e. a −1 . Simulations with a coupled positive-degree-day and ice flow model reveal that the mass balance sensitivity of southern Vatnajökull is in the range of 0.8-1.3 m w.e. a −1 • C −1 (Aðalgeirsdóttir et al., 2006) , which is among the highest in the world (De Woul and Hock, 2005) . The results of spatially distributed coupled models of ice dynamics and hydrology indicate that these glaciers are the most sensitive to future warming of Published by Copernicus Publications on behalf of the European Geosciences Union. all outlets of Vatnajökull (Flowers et al., 2005) . Apart from Greenland, the highest rate of glacial meltwater input to the North Atlantic Ocean comes from the Icelandic glaciers, which have contributed ∼ 0.03 mm a −1 on average to sealevel rise since the mid-1990s . A few quantitative estimates of volume and mass balance changes for the entire post-LIA period are available for Icelandic glaciers (Flowers et al., 2007; Aðalgeirsdóttir et al., 2011; Pálsson et al., 2012; .
To estimate the area and volume loss and the geodetic mass balance of the outlets of southeast Vatnajökull since ∼ 1890, glacier outlines were digitized from various sources, and digital elevation models (DEMs) created from contour lines of topographic maps, DGPS measurements and various airborne surveys. The snowline elevation at the end of summer, a proxy for the equilibrium line altitude (ELA), was estimated from a series of recent MODIS images. Finally, the different response of the glaciers to similar climate forcing during the post-LIA time period is analysed.
Study area and previous work
The studied outlet glaciers of southeast Vatnajökull (Fig. 1) are located in the warmest and wettest area of Iceland and descend down to the lowlands. The glaciers are nonsurging, less than 100 km apart and most of them reach down to 20-100 m a.s.l. (Fig. 1) . The glaciers vary in size from 10-200 km 2 , their average thickness range is 80-330 m (Table 1) . Öraefajökull (2110 m a.s.l.), the highest peak in Iceland, feeds the steeper outlet glaciers of this study. The outlet glaciers east of Breiðamerkurjökull, which will hereafter be referred to as the eastern outlet glaciers, descend down from ice divides at around 1500 m a.s.l.
The basal topography of the outlets is known from radio echo sounding measurements (see Björnsson (2009) and Magnússon et al. (2012) for details). The glaciers terminate in glacially eroded valleys and have carved into soft glacial and glacio-fluvial sediments. The glaciers are particularly vulnerable to warming climate conditions, since their beds lie 100-300 m at their deepest below the elevation of the current terminus (Björnsson and Pálsson, 2008; Magnússon et al., 2012) , and terminate in proglacial lakes that enhance their retreat. Assuming current climate conditions or warming, the lakes will continue to grow and new ones form in the troughs as the glaciers retreat, and will cause enhanced ablation, at least until they retreat out of the lakes.
The surface geometry of the outlet glaciers at the LIA maximum has been reconstructed from glacial geomorphological features and historical data (Hannesdóttir et al., 2014) . The outlets were at their terminal LIA moraines around ∼ 1890, which marked the termination of the LIA in Iceland (Thórarinsson, 1943; Hannesdóttir et al., 2014) .
Mass balance measurements have been carried out on Vatnajökull since 1993, and the ice cap has on average lost approximately 1 m w.e. a −1 in the time period 1993-2012 . The majority of the ablation stakes are located on the northern and western outlet glaciers ( Fig. 1) , but a number of stakes are located on Breiðamerkurjökull and a few on the eastern outlets (Björnsson and Pálsson, 2008; Aðalgeirsdóttir et al., 2011) . On these glaciers, the annual mass balance has been measured as 1-4 m w.e. a −1 in the accumulation area in the time period 1996-2010. Losses of up to 9 m w.e. a −1 have been observed during summer on Breiðamerkurjökull and Hoffellsjökull, and even negative winter balances at the terminus (Björnsson and Pálsson, 2008) . The mass balance at the plateau of the Öraefajökull ice cap (1750-1900 m a.s.l.) was 6-8 m w.e. a −1 in 1993-1998 (Guðmundsson, 2000) . Based on satellite imagery, in situ mass balance measurements and model simulations, the average ELA of southeast Vatnajökull has been estimated to be around 1100-1200 m (Björnsson, 1979; Aðalgeirsdóttir et al., 2005 Aðalgeirsdóttir et al., , 2006 Björnsson and Pálsson, 2008; Aðalgeirsdóttir et al., 2011) . Interannual variability of approximately 200-300 m of the ELA was measured in the time period 1992-2007 (Björnsson and Pálsson, 2008) . Regular monitoring of annual frontal variations of the outlets of southeast Vatnajökull started in 1932 by Jón Eyþórsson and were later carried out by volunteers of the Icelandic Glaciological Society (Eyþórsson, 1963; Sigurðsson, 2013, http://spordakost.jorfi.is) . The history of retreat and volume changes of Hoffellsjökull since the end of the LIA has been derived from numerous archives (Aðalgeirsdóttir et al., 2011; Björnsson and Pálsson, 2004) . Downwasting and volume loss of Kotárjökull (Fig. 1 ) in ∼ 1890-2010 has been quantified by repeat photography and mapping of LIA glacial geomorphological features . The records of these two glaciers are integrated in our data base for comparison with the other outlets of southeast Vatnajökull.
Data

Meteorological records
Long temperature and precipitation records are available from two lowland weather stations (Fig. 1) (Fig. 2) . Temperature measurements started in 1898 at Fagurhólsmýri, and the precipitation record goes back to 1921 (Fig. 2) . The temperature and precipitation records were extended back to the end of the 19th century, following the methodology of Aðalgeirsdóttir et al. (2011) . The mean summer (June-August) temperature during the two warmest ten year periods of the measurement series at Hólar (1930-1940 and 2000-2010) was 10.4 • C. For comparison, the mean summer temperature for the time period 1884-1890 (the only years of measurements in the 19th century) was 8.5 • C. Winter precipitation ranges between 800 and 1400 mm, and no long term trend is observed since the start of measurements at the two stations. Precipitation has been measured at Kvísker (east of Öraefajökull) since 1963, and at Skaftafell (west of Öraefajökull) since 1964. The records from Kvísker show more than two times higher winter precipitation than in Skaftafell (Fig. 2) , but the annual precipitation is three times higher (not shown). This seasonal difference could be related to precipitation undercatch of the rain gauges especially during winter, which is generally more pronounced for snow than rain (e.g. Sigurðsson, 1990) .
Glacier geometry
The areal extent and the surface topography of the outlet glaciers at different times during the period ∼ 1890-2010, was derived from various data sets (Table 2) that are detailed in the following sub-chapters. The glacier margin was digitized from maps and aerial images at various times for different glaciers. Aðalgeirsdóttir et al., 2011) . (c) Cumulative frontal variations of the southeast outlet glaciers relative to the ∼ 1890 terminus position determined from the terminal LIA moraines (Hannesdóttir et al., 2014) . The retreat until 1932, when measurements of volunteers of the Icelandic Glaciological Society started, is indicated by broken lines; the position in 1904 is known from the maps of the Danish General Staff; note that a linear recession is not expected in ∼ 1890-1904 or 1904-1932 . Annual measurements are shown with a solid line (http://spordakost.jorfi.is). Skálafellsjökull, Heinabergsjökull and Fláajökull were not measured in the 1970s and 1980s, but their terminus position in 1979 is determined from aerial images of the National Land Survey of Iceland (indicated by dots). The terminus of Lambatungnajökull (orange line) has not been measured, but its recession is retrieved from maps, aerial photographs and satellite images.
Lidar DEM
The most accurate DEMs of southeast Vatnajökull have been produced with airborne lidar technology in late AugustSeptember 2010 (Icelandic Meteorological Office and Institute of Earth Sciences, 2013 . The high-resolution DEMs are 5 m × 5 m in pixel size with a < 0.5 m vertical and horizontal accuracy . The lidar DEMs provide a reference topography, used to construct other glacier surface DEMs, for example in areas where corrections of contour lines from old paper maps were necessary.
The LIA glacier surface topography
The LIA maximum ∼ 1890 surface topography (the timing based on historical documents) of the outlet glaciers of this study has previously been reconstructed from glacial geomorphological features (including lateral and terminal moraines, trimlines and glacier erratics), historical photographs, and aerial images, using the lidar DEM as baseline topography (Hannesdóttir et al., 2014) . The vertical accuracy of the ∼ 1890 DEM is estimated to be around ±15-20 m (see Hannesdóttir et al. (2014) for details).
Aerial images, maps and glacier surface data
The oldest reliable maps of the outlet glaciers are from the Danish General Staff (1 : 50 000), based on trigonometrical geodetic surveys conducted in the summers of 1902 -1904 (Danish General Staff, 1904 . Considerable distortion was observed in the horizontal positioning, related to errors in the survey network established by the Danish Geodetic Institute (Böðvarsson, 1996; Pálsson et al., 2012) . Fewer errors are found in the vertical component, revealed by comparison of the elevation of trigonometric points on mountain peaks and other definite landmarks between the lidar DEM and the 1904 maps (see also Guðmundsson et al., 2012) . The 1904 maps do not cover all the outlet's glaciers up to their ice divides. The Öraefajökull outlets have a complete coverage except Skaftafellsjökull and Morsárjökull, leaving 28 % of the total area of the Öraefajökull outlets unmapped. Three of the eastern outlets (Skálafellsjökull, Heinabergsjökull and Fláajökull) were mapped in 1904, but most of the accumulation area was not surveyed, resulting in 67 % of their area being unmapped. Lambatungnajökull was not surveyed in the early 20th century, but a manuscript map exists from 1938, based on a trigonometric geodetic survey and oblique photographs of the Danish General Staff (archives of the National Land Survey of Iceland). Only a small part of the terminus of Hoffellsjökull was surveyed in 1904, but a map from 1936 covers the whole glacier.
The AMS (Army Map Service) 1 : 50 000 maps with 20 m contour lines (Army Map Service, 1950 -1951 1945, 1946, 1960, 1982 and 1989 (http: //www.lmi.is/loftmyndasafn) and from 2002 (http://www. loftmyndir.is) were used to delineate the glacier margin ( Table 2 ). The glacier margins of the Öraefajökull outlet glaciers were digitized from the high-resolution aerial images of Loftmyndir ehf from 2002 (with a horizontal resolution of 2.5 m), whereas the glacier margins of the eastern outlets were digitized from a Landsat satellite image from 28 July 1999 (with a horizontal resolution of ±30 m, http://landsat.usgs.gov).
The aerial images were used to estimate surface elevation changes in the accumulation area from the appearance of nunataks (isolated rock outcrops within the glaciers), as they grow due to lowering of the glacier surface. A 20 m × 20 m DEM from the company Loftmyndir ehf., based on late summer aerial images from 2002, covers parts of Öraefajökull's outlet glaciers with a vertical accuracy of < 5 m, excluding most of the accumulation areas. The DGPS surface elevation measurements on southeast Vatnajökull (with a vertical accuracy of 1-2 m), carried out during repeated mass balance surveys, and radio echo sounding profiling in spring (during the time period [2000] [2001] [2002] [2003] , are used for DEM construction.
Basal topography
The basal topography has been derived from radio echo sounding measurements, carried out in the last two decades (Björnsson and Pálsson, 2004, 2008; Björnsson, 2009; Magnússon et al., 2007 Magnússon et al., , 2012 , and the data base of the Glaciology Group of the Institute of Earth Sciences, University of Iceland = GGIES). We calculate the total ice volume from the bed DEMs and the ice volume changes as a fraction of the total volume. The accuracy of the measurements of the subglacial topography is ±5-20 m, depending on location.
Methods
Glacier surface DEMs
The glacier surface DEMs were used to determine changes in elevation and volume, and to infer mass changes (e.g. Reinhardt and Rentsch, 1986; Kääb and Funk, 1999) . Comparison of 2002 DEMs retrieved from the aerial images of Loftmyndir ehf., SPOT5 HRS images from autumn 2008 (Korona et al., 2009) , and the 2010 lidar, revealed that the surface geometry in the upper accumulation area has undergone negligible changes during the first decade of the 21st century, at a time of rapid changes in the ablation area (see also Björnsson and Pálsson, 2008) . Minor changes in the surface geometry in the upper accumulation area of a western outlet of Vatnajökull in 1998-2010 have similarly been observed (Auriac et al., 2014) . When constructing the DEMs of 1938 DEMs of , 1945 DEMs of , 1989 DEMs of and 2002 , it was therefore assumed that the glacier surface geometry in the upper reaches of the accumulation area did not change, but the estimated vertical displacement was superimposed on the lidar DEM. The DEMs were obtained by constructing new contour lines from each contour line of the lidar DEM; the new contour having the elevation of the lidar plus an elevation shift. The intersection point of the new contour with the valley wall is found by moving the old point up or down the wall by a vertical elevation change along a line drawn between the old intersection points on the opposite sides of the valley. We consider the average vertical bias of each DEM to be smaller than the estimated point accuracy, which is provided in Table 5 .
The various DEMs were merged into a common data set, coregistered and georeferenced, and the lidar data providing the reference DEM. Regular 50 m × 50 m DEMs were created by digitizing the contour lines of the paper maps (1904, 1938, 1945, 1989) and interpolated using the point Kriging method (e.g. Wise, 2000) . The appearance of nunataks was used to determine ice surface elevation changes in the accumulation area of the southeast outlets, as has been done to estimate downwasting elsewhere (Paul et al., 2007; Rivera et al., 2007; Pelto, 2010) . The aerial images were laid on top of and georeferenced with a shaded relief lidar image and the outline of the nunataks digitized. Most of the nunataks have steep slopes and the variable snow cover around them is incorporated in the error assessment. This approach provided new estimates for surface elevation changes in the upper accumulation area of the glaciers. The surface change data was extrapolated headward as a linear variation between the elevation change data points -retrieved from the trigonometric survey points (1904 map) and the nunataks.
Due to lack of accurate contour lines in the highest part of the accumulation areas, we assumed that ice divides were fixed in time, which may introduce an error in the area estimate. The ice divides were determined from the lidar DEM and the data base of the GGIES. Even though there have been surges in the larger outlets of Vatnajökull (Björnsson et al., 2003) , they have not affected the ice divides of the studied southeast outlet glaciers during the study period. Uplift rates around Vatnajökull in the last 20 years have been on the order of 10-30 mm a −1 , highest around the edge of the ice cap (Árnadóttir et al., 2009; Auriac et al., 2013) . We do not however, account for this change of the bed elevation in the glacier surface DEMs, as it is smaller than the vertical error estimate. 
DEMs of 1904 and 1938
The glacier margin delineated on the 1904 maps coincides with the LIA ∼ 1890 lateral moraines around an elevation of 400-500 m, thus surface lowering is assumed to only have taken place below that elevation during the relatively cold period ∼ 1890-1904 (see Hannesdóttir et al. (2014) for details of the method). A 1904 DEM of the terminus below 400-500 m was reconstructed and subtracted from the ∼ 1890 DEM (Hannesdóttir et al., 2014) 
DEMs of 1945
Due to the errors in the old trigonometric network for Iceland, parts of the 1945 maps are distorted horizontally. Sections of the scanned maps were thus georeferenced individually, by fitting each map segment to the surrounding valley walls, using the lidar as reference topography.
To estimate glacier surface elevation changes in the accumulation area between 1945 and 2010, we compared the size of nunataks on the original aerial images and the lidar shaded relief images (an example shown in Fig. 3) . No difference in surface elevation was observed above 1300-1400 m, wherefrom the lidar DEM was added to create a continuous 1945 DEM. The glacier margin was revised by analysing the original aerial images, for example in areas where shadows had incorrectly been interpreted as rock outcrops or snow-covered gullies and valley walls as glacial ice. For the 1945 DEM, a conservative vertical error estimate of 5-10 m was made.
DEMs of 1989
DEMs from the contour lines of the DMA unpublished maps of the eastern outlets have previously been created by the GGIES. Some adjustments were made to the glacier surface geometry in the upper accumulation area, based on comparison of the size of the nunataks on the original aerial images and the shaded relief image of the lidar DEM. The glacier outline was also revised by digitizing the glacier margin from the original aerial images in areas of misinterpretation, as on the 1945 images. A conservative vertical error of 5 m for the 1989 DEM was estimated, based on previous studies of Icelandic glaciers using the DMA maps Pálsson et al., 2012) .
DEMs of 2002
Negligible surface elevation changes above 1300-1400 m were observed between the aerial images of the company 
Glacier hypsometry
The hypsometry (area distribution with altitude) of individual glaciers plays an important role for their response to climate change through its link with mass-balance gradient (e.g. Ahlmann and Thorarinsson, 1943; Furbish and Andrews, 1984; Oerlemans et al., 1998) . The hypsometry is determined from the basal topography, ice thickness, ice volume distribution and glacier dynamics (e.g. Jiskoot et al., 2001; Marshall, 2008; Jiskoot et al., 2009) .
Five main hypsometric classes are presented in De Angelis (2014), first proposed by Osmaston (1975) The hypsometric curves of the outlets of southeast Vatnajökull were generated from the lidar DEM and ∼ 1890 DEM by creating histograms of the elevation data with 50 m elevation intervals.
The snowline altitude derived from MODIS imagery and the lidar DEMs
The elevation of the snowline at the end of the ablation season provides an estimate for the ELA on temperate glaciers (e.g. Östrem, 1975; Cuffey and Paterson, 2010) . Satellite data have been used to estimate the ELA by this approximation in remote regions and where mass balance is not measured (e.g. Barcaza et al., 2009; Jiskoot et al., 2009; Mathieu et al., 2009; Mernild et al., 2013; Rabatel et al., 2013; Shea et al., 2013) . Since limited mass balance measurements exist for the outlet glaciers of this study (Fig. 1 , except Breiðamerkurjökull and Hoffellsjökull), the snowline retrieved from autumn MODIS images (dated 22 August to 26 September 2007-2011) is a useful proxy for the present day ELA. The MODIS images are available on a daily basis, and only cloud-free images were selected to digitize the snowline ( Table 2 ). The snowline was manually digitized and projected on to the lidar DEMs to obtain its elevation. The average snowline elevation and standard deviation was calculated for the glaciers from each image ( Table 1 ). The accumulation area ratio (AAR) of the outlet glaciers was estimated from the average snowline elevation from all years and the glacier margin in 2010. The estimated MODIS snowline of 2007-2011 is at similar elevation as the ELA derived from mass balance measurements on Hoffellsjökull and Breiðamerkurjökull (Aðalgeirsdóttir et al., 2011; .
Volume calculations and average geodetic mass balance
Ice volume changes for the different time periods since the end of the LIA until 2010 were obtained by subtracting the DEMs from each other. Given the bed DEMs, the total volume loss is calculated. The volume change is the average elevation change ( h) between two years, multiplied by the area of the glacier,
The ice volume change is converted to average annual mass balance, b n , expressed in m of water equivalent per year (m w.e. a −1 ) averaged over the mean glacier area,
where ρ is the average specific density of ice, V the volume change, A the average of the initial and final glacier area and t the time difference in years between the two DEMs. Here we use ρ = 900 kg m −3 in order to be consistent with the commonly used value for Icelandic glaciers (e.g. Guðmundsson et al., 2011; Pálsson et al., 2012; Jóhannesson et al., 2013) . The uncertainty related to the conversion of ice volume to mass change to obtain geodetic mass balances is small for long periods (decades) of glacier retreat, and when volume loss is mainly confined to the ablation area, mostly ice is lost (e.g. Huss, 2013) . We base our estimates of the error for the geodetic mass balance on previous assessments of errors in DEM reconstruction and geodetic mass balance calculations for ice caps in Iceland (e.g. Guðmundsson et al., 2011) , which take into account the square root of the sum of the two errors associated with each DEM and the glacier area. 
Results
Spatial and temporal variability of the MODIS derived ELA
Spatial variability is observed in the autumn snowline or the MODIS derived ELA (referred to as the MODIS-ELA hereafter). The average MODIS-ELA and the standard deviation for each year is displayed in Fig. 4 . The MODIS-ELA of the western outlet glaciers of Öraefajökull is approximately 170 m higher than on the eastern outlet glaciers, and the MODIS-ELA rises eastward from Skálafellsjökull to Lambatungnajökull by ∼ 200 m. Due to the low resolution of the MODIS images, the snowline on the narrow outlet glaciers of Öraefajökull (Morsárjökull, Svínafellsjökull, Kotárjökull, Kvíárjökull and Hrútárjökull) is only discernible on a limited number of images. The snowline on the ∼ 2 km wide Skaftafellsjökull and ∼ 3.5 km wide Fjallsjökull is detectable on several images, allowing determination of the MODIS-ELA in all years. The MODIS-ELA range and AAR of the narrow outlet glaciers of Öraefajökull, is thus inferred by comparison with the neighbouring glaciers during overlapping years ( Table 2) . The MODIS-ELA fluctuated about 100-150 m during this five-year period. A similar interannual trend of the MODIS-ELA is observed; the MODIS-ELA in 2009 is the lowest for most of the glaciers, whereas the MODIS-ELA is usually the highest in 2010 (Fig. 4) . The AAR of the outlet glaciers is in the range of 0.43 to 0.71, but the majority of the outlets have an AAR of 0.6-0.65 (Table 1) , which are slightly higher values than reported in e.g. Dyurgerov et al. (2009) .
Frontal variations and areal change
The areal extent of the outlet glaciers at different times is shown in Figs. 5 and 6, and in Table 3 . The outlets started retreating from their terminal LIA moraines ∼ 1890 (Hannesdóttir et al., 2014) , and had retreated 1-4 km by 2010 (Figs. 2c and 7) . This corresponds to an areal decrease of 164 ± 6 km 2 , equal to 16 % of the ∼ 1890 areal extent, or in the range of 15-30 % for individual glaciers (Table 3 and Fig. 8 ). For the majority of the glaciers, the rate of area loss was highest during the time period 1904-1945 (Fig. 9a ). In the 1960s-1990s, glacial retreat slowed down or halted (Fig. 2c) (Fig. 2c) . The terminus position of Skálafellsjökull, Heinabergsjökull and Fláajökull was not measured during this time period, but from aerial images of 1979, it was possible to position their termini, and infer their slight advance during this period (Fig. 2c) . The majority of the glaciers started retreating just prior to the turn of the 21st century; between 2002 and 2010 the glaciers experienced high rates of area loss, the highest for Heinabergsjökull and Hoffellsjökull during the last 120 years ( Fig. 9a and Table 3 ).
Thinning and volume changes
Between ∼ 1890 and 2010 the outlet glaciers lowered by 150-270 m near the terminus, but negligible downwasting was observed above ∼ 1500-1700 m elevation (Fig. 10a) . Svínafellsjökull and Kvíárjökull underwent the smallest surface lowering during this period, and the glaciers only retreated about 1 km in ∼ 1890-2010 (Fig. 2c) , both terminating in overdeepened basins. Heinabergsjökull, Hoffellsjökull and Lambatungnajökull experienced the greatest downwasting (Fig. 10a) , the outlets are constrained by valley walls on both sides, and have retreated close to 3 km in the post-LIA period (Table 1) . Surface lowering between 1945 and 2010 is shown in Fig. 10b (Fig. 9b) . All glaciers had lost at least half of their total post-LIA volume loss by 1945 (Table 4 ). The eastern outlet glaciers (except Lambatungnajökull), experienced higher rates of volume loss than the majority of the smaller and steeper outlets of Öraefajökull ice cap during every period of the last 120 years (Fig. 9b) . For example, between 2002 and 2010, the volume loss of the Öraefajökull outlets was in the range of −0.34 to −0.13 km 3 a −1 vs. −0.95 to −0.28 km 3 a −1 of the eastern outlets (Fig. 9b) . Since no 1980s DEMs exist for the Öraefajökull outlets, the comparison with the eastern outlets is restricted to 1945-2002.
Geodetic mass balance
The average geodetic mass balance of all the studied glaciers was negative during every time interval of the study period ( Fig. 11 and Table 5 Of the Öraefajökull outlets, Fjallsjökull and Hrútárjökull experienced the most negative average mass balance during the majority of the time periods (Fig. 11) . Heinabergsjökull and Hoffellsjökull sustained the highest rate of mass loss of the eastern outlets during most intervals. Skálafellsjökull and Fláajökull generally had the least negative mass balance during every time period of the post-LIA interval of the eastern outlet glaciers, and Kvíárjökull and Svínafellsjökull of the Öraefajökull outlets.
Glacier hypsometry
The majority of the studied glaciers belong to shape class B (Table 1 and Fig. 12 ). Lambatungnajökull and Hrútárjökull belong to shape class D. Two glaciers have bimodal hypsometric curves (class E), Svínafellsjökull and Fjallsjökull; the latter could be classified as a piedmont glacier (class C) in its greatest extent ∼ 1890 (Fig. 12) .
Discussion
Glacier changes since the end of the LIA
The retreat of the outlet glaciers of southeast Vatnajökull from the LIA terminal moraines, which started in the last decade of the 19th century, was not continuous. The recession accelerated in the 1930s, as a result of the rapid warming beginning in the 1920s (Fig. 2b, c) . Similarly enhanced glacier retreat was observed in the Alps and southern Norway in the early 20th century (Zemp et al., 2011, and references therein) . Recession of the southeast outlets of Vatnajökull slowed down due to cooler summers after the 1940s, and from the 1960s to late 1980s the glaciers remained stagnant or advanced slightly (Fig. 2c) . After 1995, warmer temperatures than in the preceding 2-3 decades (Fig. 2b) caused retreat of the southeast outlets, which increased after the year 2000 (Björnsson and Pálsson, 2008; Björnsson et al., 2013) .
A mass gain in the accumulation area during the cooler period 1960s-1980s was observed on the aerial images of the 1980s, by smaller nunataks than on the 1945 aerial images www.the-cryosphere.net/9/565/2015/ The Cryosphere, 9, 565-585, 2015 ( Fig. 3) . The mass balance of the outlets in some years of the 1970s and 1980s may have been positive, although the geodetic mass balance of the periods 1945-1989 (for the eastern outlets) and 1945-2002 (for Öraefajökull outlets) was negative (Fig. 11) . The mass balance of the larger ice caps in Iceland was generally close to zero in 1980-2000 (e.g. Björnsson and Pálsson, 2008; Guðmundsson et al., 2009 Guðmundsson et al., , 2011 Pálsson et al., 2012) . In situ measurements show that mass balance was positive on Vatnajökull 1991-1994, but negative since then (Björnsson and Pálsson, 2008; Björnsson et al., 2013) . 39.5 ± 0.9 38.9 ± 0.7 (98 %) 36.1 ± 0.5 (91 %) 35.5 ± 0.5 (90 %) 34.8 ± 0.3 (88 %) 33.2 ± 0.1 (84 %) Kotárj.
14.5 ± 0.4 12.3 ± 0.5 (85 %) 11.5 ± 0.04 (79 %) Kvíárj.
27.9 ± 0.7 27.4 ± 0.5 (98 %) 25.4 ± 0.4 (91 %) 25.1 ± 0.3 (90 %) 24.4 ± 0.2 (88 %) 23.2 ± 0.1 (83 %) Hrútárj.
17.1 ± 0.5 16.7 ± 0.4 (98 %) 14.1 ± 0.2 (83 %) 13.9 ± 0.2 (81 %) 13.2 ± 0.1 (77 %) 12.2 ± 0.04 (71 %) Fjallsj.
57.7 ± 0. Skálafellsj. 117.9 ± 1.6 116.4 ± 1.2 (99 %) 106.6 ± 0.7 (90 %) 104.0 ± 0.7 (88 %) 102.8 ± 0.3 (87 %) 100.6 ± 0.1(85 %) Heinabergsj.
120.3 ± 1.3 118.2 ± 1.0 (98 %) 109.0 ± 0.6 (91 %) 102.5 ± 0.6 (85 %) 101.8 ± 0.3 (85 %) 100.6 ± 0.1 (83 %) Fláaj.
205.6 ± 1.9 202.1 ± 1.4 (98 %) 184.1 ± 1.0 (90 %) 181.9 ± 0.9 (88 %) 177.4 ± 0.5 (86 %) 169.7 ± 0.2 (83 %) Hoffellsj.
234.5 ± 1.9 232.3 ± 1.4 (99 %) 224.5 ± 1.1 (96 %) 215.9 ± 1.0 (92 %) 212.7 ± 0.5 (91 %) 207.5 ± 0.2 (88 %) Lambatungnaj. 46.1 ± 0.9 45.1 ± 0.9 * 40.9 ± 0.4 (89 %) 39.4 ± 0.4 (86 %) 38.8 ± 0.2 (84 %) 36.3 ± 0.1 (79 %) Eastern 723.9 ± 7.6 714.2 ± 5.9 (99 %) 664.6 ± 3.8 (92 %) 643.8 ± 3.6 (89 %) 632.8 ± 1.8 (87 %) 612.3 ± 0.7 (85 %)
1936 area: Hoffellsjökull 227.7 ± 1.5 km 2 (97 %), Lambatungnajökull 41.9 ± 0.7 km 2 (91 %). The highest annual rate of volume and mass loss of the periods investigated was observed in 2002-2010 for almost all the outlet glaciers (Figs. 9b and 11 , Table 5 ). The geodetic mass balance in the range of −1.38 to −1.51 m w.e. a −1 (apart from Heinabergsjökull) during the time period 2002-2010 is similar to the measured specific mass balance on the larger ice caps in Iceland in the first decade of the 21st century, equal to −1.0 ± 0.5 m w.e. a −1 Björnsson et al., 2013; Jóhannesson et al., 2013) . The warming in Iceland since the 1990s has been 3-4 times higher than the average warming of the Northern Hemisphere during the same time interval (Jones et al., 2012; Björnsson et al., 2013) , which may explain the high rates of mass loss in the first decade of the 21st century. In situ mass balance measurements of glaciers in Iceland and degree-day mass balance models of selected glaciers indicate that the mass balance is governed by variation in summer ablation (which is strongly correlated with temperature), rather than winter accumulation (Björnsson and Pálsson, 2008 , 2009 Pálsson et al., 2012; Björnsson et al., 2013) .
Increasing negative mass balance in recent years on the majority of ice sheets, ice caps and glaciers worldwide has been reported (Vaughan et al., 2013, and references therein) . Glaciers in Iceland experienced among the most negative mass balance worldwide in the early 21st century (Vaughan et al., 2013; Gardner et al., 2013) . In this time period increased surface lowering on the southeast outlets of Vatnajökull is evidenced in emerging rock outcrops and expansion of nunataks up to an elevation of approximately 1200 m. A pattern of increased downwasting in the accumulation areas in recent years has been observed in Alaska (Cox and March, 2004) , the Alps (Paul et al., 2004) , North Cascade glaciers (Pelto, 2010) , and Svalbard (James et al., 2012) .
The ice volume loss (in km 3 ) of the non-surging outlets of southeast Vatnajökull ∼ 1890-2010 corresponds to the ice volume loss of both Langjökull (equal to a mass balance of −0.45 m w.e. a −1 ) and Breiðamerkurjökull (equal to −0.64 m w.e. a −1 ) during the same time interval . For comparison the glaciers in the Alps have lost 96 ± 13 km 3 (equal to a mass balance of −0.31 m w.e. a −1 ) since 1900 (Huss, 2012) , similar to the mass loss of the Northern Patagonian Icefield since 1870 (Glasser et al., 2011) .
Different response to similar climate forcing
The meteorological records from Hólar in Hornafjörður and Fagurhólsmýri (Fig. 1) indicate similar temperature and precipitation fluctuations during the 20th and early 21st century at both stations since the start of measurements (Fig. 2a, b) . We thus infer that the studied outlets experienced
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www.the-cryosphere.net/9/565/2015/ ∼ 1890-1904 1904-1945 1945-2002 2002-2010 ∼ 1890-2010 Morsárj ∼ 1890-1904 1904-1945 1936-1945 1945-1989 1989-2002 2002-2010 ∼ 1890-2010 Skálaf. similar temperature and precipitation forcing since the end of the LIA. Details in the response or the magnitude of volume loss of the southeast outlet glaciers of Vatnajökull is governed by the hypsometry, overdeepenings and proglacial lakes, but the general response is governed by the climate. Glaciers respond to mass balance changes by adjusting their surface elevation and area. Our results show that glaciers with different hypsometry respond differently to similar climate forcing, as has been reported from several studies (e.g. Kuhn et al., 1985; Oerlemans et al., 1998; Oerlemans, 2007; Jiskoot et al., 2009; Davies et al., 2012; De Angelis, 2014) . The appearing proglacial lakes modify the glacier dynamics by floating of the terminus, increasing calving and ice flow, and accelerating the terminus retreat. However, the scarcity of measurements limits the possibility of assessing the relative importance of the overall ice loss (see Trussel et al. (2013) and references therein). Glacier surface lowering is generally a function of elevation (Fig. 10) as detailed previously in Schwitter and Raymond (1993) , but the downwasting near the terminus of the southeast outlet glaciers of Vatnajökull is highly variable (Fig. 10) . The outlets terminating in overdeepened basins seem to lose mass by thinning rather than retreat, as has been shown to be the retreat pattern ), Eyjafjallajökull 1998 ), Snaefellsjökull 1999 -2008 ), and Hofsjökull 1995 -2010 is presented with dotted lines in (b). The two latest time periods of Langjökull (1997 Langjökull ( -2002 Langjökull ( and 2002 Langjökull ( -2010 are based on surface mass balance measurements (data base Glaciological group Institute of Earth Sciences, University of Iceland). For error estimates of the geodetic mass balance see Table 5 , only the error bars for Fjallsjökull and Heinabergsjökull are shown here.
Eastern
in overdeepened basins by simplified dynamical models (Adhikari and Marshall, 2013) .
The hypsometry of a glacier controls its sensitivity to a rise in the ELA. For example, a temperature rise of 0.5-1.0 • C would raise the ELA by approximately 100 m (given a temperature lapse rate). A rise in the ELA will have more effect on the gently sloping eastern outlets, compared to the steeper Öraefajökull outlets. A 100 m rise in ELA would cause Lambatungnajökull to lose most of its accumulation area, Hoffellsjökull and Morsárjökull would lose approximately 30 and 45 %, respectively, whereas the accumulation area of Fjallsjökull would only decrease by 7 %. The ELA during the LIA maximum around 1890 has been determined from the elevation of the highest up-valley lateral LIA moraines of the studied glaciers (Hannesdóttir et al. (2014) , see Fig. 12 ), applying a method known as MELM (maximum elevation of lateral moraines (e.g. Hawkins, 1985) . The ELA of the outlets of southeast Vatnajökull has risen by > 300 m since the end of the LIA (Fig. 12) , reducing the size of the accumulation area by 2-16 % (Table 1) .
Glaciers of shape class B lost the smallest percentage of their ∼ 1890 volume (15-20 %). The two glaciers belonging to shape class B, which terminate in proglacial lakes (Heinabergsjökull and Hoffellsjökull) lost 30 and 25 %, respectively, the former has an overdeepened basin reaching 200-300 m b.s.l. (below sea level) (Fig. 7) . Fjallsjökull and Hrútárjökull, the east-facing Öraefajökull outlets, lost the most of their ∼ 1890 volume, or 35 and 50 %, respectively, receive a large amount of precipitation and have ice divides lying above 1800 m. The former belongs to shape class E and was terminating in a proglacial lake that was formed as early as 1945, in the overdeepened basin, and the latter is of shape class D and its debris covered terminus may have increased the ablation. Hrútárjökull and Lambatungnajökull (shape class D) have lost the highest percentage of their ∼ 1890 volume (Fig. 12 ).
There is a noticeable difference in the response of the neighbouring outlet glaciers, Skaftafellsjökull and Svínafellsjökull. The former retreated 2.7 km and lost 20 % of its ∼ 1890 volume, whereas the latter only retreated 0.8 km and lost 30 % of its ∼ 1890 volume. However, part of the surface lowering may be due to excavation of the bed, creating an overdeepening in the terminus area of the glacier, as is well observed for Breiðamerkurjökull (Björnsson, 1996) . A similar difference is observed between Skálafellsjökull and Heinabergsjökull, where the former glacier lost 15 % of its ∼ 1890 volume and retreated 2 km, and the latter lost 30 % of its ∼ 1890 volume and retreated 3 km. Their basal topography is different, with Heinabergsjökull terminating in an overdeepened basin (Fig. 7) , and part of the surface lowering in the ablation area of Heinabergsjökull may likewise be attributed to excavation of the bed. The influence of overdeepenings on the ablation and terminus retreat is clearly seen in the western and eastern arm of Hoffellsjökull (Aðalgeirsdóttir et al., 2011) , where the western arm has retreated more than 3 km, whereas the thicker and more excavated eastern arm has only retreated a few hundred m since ∼ 1890.
A clearer distinction between the response of the Öraefajökull outlets and the eastern outlets to the post-LIA climate variation would perhaps be expected, as steeper glaciers generally respond faster to changes in climate (e.g. Cuffey and Paterson, 2010) . The thinner Öraefajökull glaciers, with ice divides lying 400-500 m higher than the eastern outlet glaciers and steep mass balance gradient, are expected to have a shorter response time. The response time of a glacier, i.e. the time it takes for a glacier to adjust its geometry to a new steady state after a change in mass balance, is a function of its mean thickness and terminus ablation (Jóhannesson et al., 1989) , and of its hypsometry and mass balance gradient (Cuffey and Paterson, 2010) . However, the geodetic mass balance records and terminus fluctuations of the outlets of southeast Vatnajökull do not indicate a distinct difference in the response of the outlets of the two glaciated regions. The temporal resolution of the geodetic mass balance records is lower than the supposed response time of 15-30 years (given terminus ablation of −10 m w.e. a −1 and average ice thicknesses of 150-300 m). In order to detect mass balance changes during the colder period following the 1960s, aerial images could be used to construct surface DEMs, and thereby increase the temporal resolution of the mass balance record for the period 1945-1989 (eastern outlets) or 1945-2002 (Öraefajökull outlets A series of glacier outlines and glacier surface DEMs for the outlets of southeast Vatnajökull were compiled from various sources. The multi-temporal glacier inventory of volume and area changes for the period ∼ 1890-2010 is unique. The mass balance history of one of the most sensitive glaciated areas in the world for the post-LIA period was derived by geodetic methods. The average mass balance during the period 1890-2010 was −0.38 ± 0.96 m w.e. a −1 and these glaciers experienced among the highest mass loss rates (on average 1.34 m w.e. a −1 ) worldwide in the early 21st century (Vaughan et al., 2013) . The glaciated area decreased by 164 ± 6 km 2 (16 %) in ∼ 1890-2010, and the outlets collectively lost 60 ± 8 km 3 (22 %) of ice, contributing 0.15 ± 0.02 mm to sea-level rise in the post-LIA period. Each glacier lost between 15 and 50 % of their ∼ 1890 volume, the difference attributed to their variable hypsometry, the basal topography, and the presence of proglacial lakes, that enhance melting at the terminus. The different response of glaciers experiencing similar climatic forcing underlines the importance of a large sample of glaciers when interpreting the climate signal. The results highlight once more the effect of glacier hypsometry and geometry on the dynamic response of glaciers to changes in mass balance. The different response of the glaciers show that frontal variations and area changes only provide limited information on the glacier response, as some experience rapid downwasting but little retreat. The steep Öraefajökull outlet glaciers are more likely to survive future warming, since their ice divides are 400-500 m higher than the eastern outlets. Furthermore, proglacial lakes will increase in size and new will form as the glaciers retreat, and cause enhanced melt. This glacier inventory provides information that can be used to calibrate mass balance-ice flow models that simulate future glacier response to climate scenarios. Work is already underway to simulate the 20th century evolution of three of the eastern outlets.
